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ABSTRACT 


Near-ideal optical heterodyne performance has been obtained at GHz IF fre- 
quencies in the 10 -pm- wavelength region with liquid-nitrogen-cooled HgCdTe 
photodiodes. Heterodyne NEP’s as low as 2.7 x 10"20 W/Hz at 100 MHz, 
5 .4 x 10~20 w/ Hz at 1.5 GHz, and 9 .4 x 19 -2 0 W/Hz at 3 GHz have been achieved. 
Various physical phenomena which occur within a photodiode and affect heterodyne 
operation have been examined in order to assess the feasibility of extending the 
operating temperature, wavel ength, and frequency response of these HgCdTe photo- 
mixers. Hole transit time is seen to limit the fundamental bandwidth of 10-ym 
HgCdTe photodiodes to about 5 GHz. Long optical absorption lengths and small 
depletion widths of 30-pm photodiodes lead to a response limited by minority 
electron diffusion. High dark current, very small depletion widths, and slow 
ambipolar diffusion affect the sensitivity and speed of high-temperature 10-ym 
HgCdTe photodiodes. For T ^ 200 K, p-type HgCdTe photoconductors should outper- 
form photodiodes as moderately-wide -bandwidth photomixers. 


INTRODUCTION 


In recent years the liquid-riitrogen-cooled HgCdTe photodiode has emerged as 
the superior wide-bandwidth infrared heterodyne detector in the 10-um -wavel ength 
region (refs. 1 and 2). High dc quantum efficiencies (75% to 90%) and RC roll- 
off frequencies in excess of 2 GHz have been routinely achieved (ref. 3). These 
devices have been used as photomixers at IF frequencies as high as 60 GHz 
(ref. 2). Quadrantal arrays (ref. 4) have been used in a monopulse CO 2 radar 
system (ref. 5) for the past five years, tracking at IF frequencies over 
1.25 GHz at distances of over 1000 km. The field of laser heterodyne radiometry 
has made extensive use of these high -sensitivity HgCdTe photomixers for such 
applications as profiling gas distributions and wind velocities on planets 
(refs. 6 and 7), measuring ozone (ref. 8) and chlorine monoxide (ref. 9) con- 
centrations in the earth's stratosphere, and stellar heterodyne interferometry 
(ref. 10) . 

In this paper, the state-of-the-art performance of HgCdTe photodiode hetero- 
dyne receivers and the physics associated with their operation will be 
discussed. Optical absorption coefficient, intrinsic carrier concentration, 
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interband tunneling, minority-carrier diffusion, and hole transit time will be 
shown to present limitations and performance trade-offs for a HgCdTe photodiode 
heterodyne receiver operating at a frequency of 10 GHz, a wavelength of 30 pm, or 
a temperature near 200K. A discussion of p-type HgCdTe photoconductors for use 
as elevated-temperature C 02 ~laser photomixers is also presented. 


STATE OF THE ART 


During the past ten years, high-performance HgCdTe photodiodes and photo- 
diode arrays have been developed at Lincoln Laboratory (ref. 3) for use as wi de- 
bandwidth heterodyne receivers. Numerous test measurements were also developed 
to evaluate these photodiodes and characterize their sensitivity and bandwidth 
in the heterodyne mode of operation. The blackbody heterodyne measurement has 
proven to be the most direct and reliable method for determining the heterodyne 
NEP at high frequencies. Here the measured signal -to -noise ratio is compared 
with that calculated for an ideal photomixer in order to obtain an effective 
heterodyne quantum efficiency (refs. 11 and 12) from which the NEP can be 
determined using the expression NEP = hvB/ 7 ?£H> where B (noise bandwidth) is 
usually normalized to 1 Hz. In figure 1 are shown the best values of NEP 
obtained to date (ref. 3) as a function of IF frequency from 10 MHz to 4 GHz. 
At 1 GHz the NEP is only about a factor of 2 above the quantum limit of an ideal 
photodiode -receiver system. A sensitivity of 6.2 x 10"20 W/Hz has also been 
reported (ref. 13) at 2 GHz. As the IF frequency increases, RC roll-off, dif- 
fusion effects, and higher preamplifier noise figures all contribute to a degra- 
dation in NEP of present HgCdTe photomixers. (The noise figures of the 
decade-bandwidth preamplifiers used to obtain the data in figure 1 ranged from 
about 1.1 dB at 10 MHz to 4.5 dB at 4 GHz.) The best results currently are 
below 1.5 GHz where most of the effort has been concentrated. Twelve-element 
arrays with average sensitivities of 7.1 x 10“20 w/hz at 1.5 GHz and 
4.3 x 10"20 W/Hz at 0.76 GHz have been demonstrated (refs. 3 and 14). 

The values of NEP in figure 1 were obtained under optimum conditions of 
bias V a (typically 0.3 to 0.7 volts) and L0 power P[_o (typically 0.2 to 0.5 mW) . 

In figure 2 is shown the NEP of a typical high-performance diode as a function 
of photocurrent (Ip^ = v{o)q P|n/hv, where ^(o) is the dc quantum efficiency) at 
0.76 GHz and 1.5 GHz. The solid curves were calculated from the simple asymp- 
totic expression (ref. 15) for NEP shown in figure 2, containing the ratios of 
preamplifier noise to shot noise and dark -current noise to shot noise. T a is 
the effective noise temperature of the photodiode and preamplifier, and R|_ is the 
effective load resistance. For a 10.6-um photodiode at 77K, the dark -current 
term is almost always negligible at wide bandwidths. (Not all sources of dark 
current are noisy at high frequencies.) These calculated curves provide a good 
fit to the data up to Ipc = 1 mA. Beyond that, the NEP saturates at a value 
higher than given by the simple expression. In some photodiodes ,the NEP 

increases with increasing photocurrent. This saturation is a result of physical 
changes within the photodiode caused by the intense optical flux<£~l x 10^0 
photons/crrr-sec. These processes are complicated, are not well understood , and vary 
considerably with detector geometry, impurity doping levels, and energy gap eg. 
Bandfilling, increased recombination, ambi polar effects, increased tunneling 
current, and simple heating can all contribute. These will be described in more 
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detail below. The effects are more important at high frequencies where larger 
values of photocurrent are required to overcome higher amplifier noise. By 
simple narrow-band impedance matching, we have been able to reduce the LO power 
requirement at 0.76 GHz from 150 pW (1 mA) as shown in figure 2 to about 50 pW 
(0.3 mA) . This is very difficult to do for multioctave bandwidths, however. 


PHOTODIODE PHYSICS 


Basic Device Operation 

Several effects can contribute to the response of a p-n junction photodiode: 
RC roll-off, the transit time of electrons and holes across the depletion 
region, the diffusion of holes from the n-type region to the space-charge region, 
and the diffusion of electrons from the p-type region to the space-charge 
region. The diffusion time can be as long as the lifetime of the minority 

carriers, which for 0.1-eV HgCdTe can be several microseconds (ref. 16). 

Obviously, such slow diffusion effects must be minimized for high-performance 
wide-bandwidth operation. The most successful wide-bandwidth HgCdTe detector 
structure to date has been the shallow-junction n + n"p geometry (ref. 4), a cross 
section of which is shown in figure 3. Here the junction depth is about 3 pm, 

and under reverse bias the depletion width is about 2 pm, leaving a 1- pm region 

of undepleted n-type material at the surface. Also shown in figure 3 is the 
expected absorption profile for 10.6-pm radiation, where the absorption coef- 
ficient a is about 3000 cm _ l (ref. 17). 


Electron-hole pairs are created in all three regions, giving rise to 
several different response mechanisms. Holes produced in the n-type region must 
diffuse to the edge of the space-charge region and drift across in order to 
generate current. This diffusion time is approximately equal to (8x) 2 /D, where 
3x is the distance from the space-charge layer where the electron-hole pair is 
produced and D = pkT/q is the mi nori ty -carri er diffusion coefficient (ref. 18). 
Hole diffusion is a slow process as Dh -1 ~2 nsec/(pm)2 at 77K, and only those 
holes produced within a fraction of a pm of the space-charge 
in 0.3 nsec (i.e., 1 GHz bandwidth). The diffusion length 
average distance they can diffuse before they recombine) 

10 pm , so 77 ( 0 ) could be very high for a junction as deep 
such a device would have a very slow response, even though the junction capaci- 
tance may be small. For electron concentrations greater than about 10^ cm - 3 
the conduction band becomes degenerate and this bandfilling reduces the absorp- 
tion near the cutoff wavelength 
performance (refs. 1 and 17). 


region will respond 
of hoi es (i.e., the 
can be as long as 
as 10 pm. However, 


in the n + layer and improves the high frequency 


The transit time across the depletion region is given by 

w r 




D 


v(x')-l dx 1 


( 1 ) 


W D~ X 


where wp is the depl etion width , x 1 is the position within the depl etion region , and v(x‘ ) 
is the local carrier drift velocity in the depletion region. At very low 
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fields, electrons in HgCdTe reach a scattering-limited saturation velocity due 
to their high mobility (ref. 16) and, consequently, travel across the space- 
charge region with constant velocity of about 2 x 10? cm/sec or v e ~l = 
0.005 nsec/ym. If electron transit were the only limitation, a 10-GHz bandwidth 
could be obtained with depletion widths as large as 6 ym. However, holes must 
also transit the space-charge region and they have a relatively small mobility 
(uh = 600 cm2/V-sec at 77K) and their drift velocity v^ is a function of 
position. For a 0.1-eV photodiode, v^ - * is expected to vary from 0.02 nsec/ym 

to 2 nsec/ym. 

Carriers generated in the p-type region are controlled by electron diffu- 
sion which can be relatively fast. Assuming y e = 30 000 cm2/v-sec in the p-type 
region, we obtain D e ~l = 0.05 nsec/(ym)2, which means that electron-hole pairs 
created in the p-type region within a few micrometers of the junction can 
respond at 1 GHz. However, if the minority -electron concentration approaches 1% 
of the hole density (by either thermal generation or the local -oscillator flux), 
ambipolar effects (ref. 19) enter and begin to slow this diffusion process. 

The response of any given photodiode will be a composite of all the above 
effects and the RC roll-off due to the external circuit and the junction capaci- 
tance. The relative importance of each of these processes will depend on the 
precise junction depth, doping levels, HgCdTe alloy composition, and the local - 
oscillator flux level. 

Slow diffusion, which can frequently be seen as a tail on the pulse 
response of a photodiode, is particularly detrimental to heterodyne operation. 
This diffusion not only gives rise to a loss in signal at high frequency, but 
gives additional noise, as the slowly diffusing carriers have the same shot- 
noise spectra as the fast ones (ref. 20). The shot-noise-limited NEP in the 
presence of diffusion is given by 


NEP m1n = 


hvB 

v[o) 



( 2 ) 


where v{f) is the quantum efficiency at frequency f. In a planar diode, 
laterial diffusion from around the perimeter can degrade its high-frequency 
performance. To get maximum sensitivity, the local oscillator should be con- 
fined to within the junction area. A steep mesa diode does not have this 
lateral diffusion problem. 


Opti cal -Absorption Coeffici ent 


A high value of optical absorption coefficient a is desirable in a wide- 
bandwidth photodiode in order to localize the photocarrier generation. However, 
in smal 1 -energy-gap material, a is not very large. In figure 4 is shown the 
wavelength dependence of a as given by the Kane theory (ref. 17) for HgCdTe with 
energy gaps of 0.1 eV and 0.035 eV, required for 10.6-ym and 30-ym photodiodes, 
respectively. Accurate experimental values have been reported only for a < 
1000 cm - l. However, these calculated curves are consistent with all published 
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data and with transmission measurements made at Lincoln Laboratory on thin 
epitaxial samples. The solid curves do not take into account effects of charge 
carriers, impurities, or lattice vibrations, all of which tend to "smear out" 
the absorption edge. Band filling occurs in narrow-energy-gap HgCdTe with rela- 
tively low electron concentrations due to the small density of states in the 
conduction band. This produces a Burstein-Moss shift in the absorption edge as 
indicated by the dashed curves in figure 4, which show the effects of 
1 x 1C)16 el ectrons/cm3 in 0.1-eV HgCdTe and 1 x 1015 el ectrons/cm3 in 0.035-eV 
HgCdTe. These electron densities are similar to those optically generated by a 
100-pm-diameter LO beam producing IpQ = 1 mA. Thus if the background doping 
does not render the n-type region transparent near the absorption edge, the LO 
flux most likely will. At a wavelength of 10 pm, the absorption length 1/a is 
about 3 urn, whereas for X = 30 pm, 1/a is about 10 urn. Confinement of the pho- 
tocarrier generation is particularly difficult at 30 pm. 


Tunneling Breakdown 


The fundamental breakdown mechanism in a reverse-biased, 
photodiode is the tunneling of electrons from the valence band 
band due to the high field in the space-charge region. In a 
junction this field varies linearly across the depletion layer 
of 2V/wq, where V is the sum of the external bias and the 
potential (~£ g /2q). The depletion width is given by 


narrow-energy-gap 
to the conduction 
one-sided abrupt 
with a peak value 
built-in junction 


w D = (2«V/qN)!/2 (3) 


where « is the dielectric constant (~18.6 for Hgo. 8 Odo. 2 fe) and N is the carrier 
concentration on the lightly-doped side of the junction. The value of wg at 
breakdown sets a limit to the RC roll-off frequency of the device. In figure 5 
is shown the calculated depletion width at a tunnel -current density of 
1 A/cm 2 as a function of N for energy gaps of 0.1 eV and 0.035 eV, according to 
equation 16 of reference 21. The peak field at breakdown E max is a strong func- 
tion of energy gap (E max °= eg5/3) but is relatively independent of N. E max at 
Jj = 1 A/cm 2 is about 1 V/pm for £g = 0.1 eV and 0.17 V/ pm for eg = 0.035 eV. 
As can be seen in figure 5 , wq at breakdown is a strong function of N and eg, 
varying approximately as £gl*43/^0.9. p or = o.l eV, depletion widths in 
excess of 6 pm should be obtainable with present HgCdTe material technology 
(N~l x 10^4 cm'3) . in high-performance wide-bandwidth photodiodes, wp has 
been typically in the range of 2 to 3 pm at breakdown. A 1-GHz RC roll-off fre- 
quency into 50 Ohms for a 100-pm-diameter photodiode requires wq > 0.4 pm, which 
is achieveable with N = 2 x 10^ cm~3 in 0.1-eV material. Clearly very high RC 
roll-off frequencies are possible with carrier concentrations in the low 
10l4 cm~3 range. A device sensitive at a wavelength of 30 pm, however, 
requires N to be less than 3 x lO 1 ^ cm - 3 for a 1-GHz RC roll-off. 
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Intrinsic Carrier Concentration 


A high density of carriers can be generated thermally in smal 1 -energy-gap 
semiconductors. In figure 6 is shown this intrinsic carrier concentration n-j as 
a function of temperature for £g= 0.1 eV and e = 0.035 eV (ref. 22). For good 
diode characteristic, n-j should 6 be much less than the doping levels on either 
side of the junction. For a wide-bandwidth 30-ym photodiode , this requires 
operation below about 50K to achieve n-j less than 10^ cm -3 , as seen from 
figure 6 . Similarly a 10-GHz 10.6-ym diode must be operated below about 100K. 
Note as the 0.1-eV material approaches 200K,n-j becomes greater than 10 ^ cm -3 . 
Thus from figure 5 we see that the depletion width at breakdown in a high- 
temperature 10 . 6 -ym photodiode will be much less than 1 ym and, since 1 /a > 
3 yin, its response will be diffusion limited. 


Photogenerated Carriers 


The L0 flux can cause enormous changes in the minority (and majority) 
electron and hole concentrations in a photodiode. In the absence of drift and 
diffusion effects, the steady-state excess photocarrier concentration is given 
simply by a 4> r, where r is the mi nority -carrier lifetime. In lightly doped 
0.1-eV n-type HgCdTe, is of the order of 10“6 sec (ref. 16), so a <£Th~ 

3 x 1017 cm -3 for <£ = lO 2 ^ photons/ cm 2 - sec . This electron concentration would 
clearly give strong band filling (see figure 4) and render the material 
transparent near the absorption edge. Near a p-n junction, diffusion and drift 
effects must be considered, however (see reference 19). The excess minority- 
electron concentration 8 n in the p-type side of an n-pjunction illuminated from 
the n-type side is given by 

8 n(x) = a <j>T e (exp(-x/L e ) - exp(-ax) )/(a 2 L e 2 - 1) (4) 

a!_ e t 1 

where x is the distance from the space-charge region, and L e = (De T e)^ is the 
minority -electron diffusion length. Figure 7 shows Sn(x) calculated using 
parameters appropriate for a typical 10.6-ym HgCdTe photodiode at moderate L0 
flux. The mi nority -electron lifetime T e is a strong function of hole concentra- 
tion and 10 nsec is believed appropriate for a hole concentration p in the 
region of 3 x 10 3 6 cm -3 at 77K (ref. 23). Note, the calculated photoelectron 
density peaks at a value of about 1 x 1014 cm -3 at a distance from the junction 
about equal to the absorption length. At this concentration , these minority 
electrons contribute significantly to the conductivity due to the high electron- 
to-hole mobility ratio b (~100 in HgCdTe). In this ambipolar regime (ref. 19), 
the diffusion coefficient is given by 


D a = D e (1 + n/p)/(l + b n/p) (5) 

where n = 8 n + n 0 . As n approaches p/p, D a decreases, slowing down the dif- 
fusion process, which in turn reduces the frequency response and quantum 
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efficiency. For low values of p, ambi polar effects enter in at lower values of 
optical flux. In the very -strong -fl ux limit, the lifetime, the mobility, and 
the absorption coefficient are all expected to be functions of LO power, and a 
self-consistent calculation of sn(x) is very difficult. 


ULTRAWIDE- BANDWIDTH PHOTODIODES 


With increasing bandwidth, hole transit time begins to affect the response 
of a 10-um HgCdTe photodiode, as the hole velocity v^ within the space-charge 
region is low and a function of position, v^Cx) = y^ E(x). In the case of a 
one-sided abrupt junction, E(x) varies linearly across the space-charge region. 
If we assume v^(x) = (x/wq) v m + v 0 , then integrating equation 1 we obtain the 
transit time. 


W D In J 

1 W D j 

f 1 + v o/ v m \ ( 

v m j 

1 x ' 

U + (v 0 /v m )(w D /x) / j 


for a hole generated within the space-charge region a distance x from the n-type 
side. Using this expression we have made numerous numerical calculations of the 
step response of photodiodes assuming: 1) the photogeneration varies exponen- 
tially into the device as e _ctX and 2) the delay in the response of each of these 
photogenerated carriers is given by the sum of their diffusion time (sx)2/d and 
transit time, i.e. the time required for holes to reach the p-type region and 
electrons to reach the n-type region. For 1/a << wp (which is the common situa- 
t|on_ for wide-energy-gap, high-speed photodiodes), a shallow-junction 
p -n device is the best structure for minimizing hole -transit effects as the 
electron-hole pairs are generated near the p + side of the depletion layer and 
only electron transit is involved. However, for small absorption coefficients, 
such as here at X ~ 10pm, the difference between an n-p and p-n diode structure is 
small. The step response calculated for two n + n _ p photodiodes with depletion 
widths of 4 pm are shown in figure 8. Here the RC time constant is assumed 
zero and the undepleted n + -region is assumed transparent, i.e. no hole -diffusion 
effects. The curve on the right is for a simple triangular field profile 
(E-max = 1 V/ym) . Electrons generated near the p side of the space-charge region 
give the initial response after a 15-psec transit time delay. The slower rise 
continuing to about 120 psec is the delayed response of holes produced 
throughout the space-charge region. If the thickness of the n - region is only 
4 ym and very lightly doped (i.e. pin-type device), "punch through" can occur 
well before breakdown, giving a more uniform field profile as shown in the 
diagram on the left in figure 8. If the average field is 75% of the breakdown 
field (i.e. 0.75 V/ym) , the step response on the left is calculated. The very 
slow rise at the top is due to the comparatively slow diffusion of photoelec- 
trons produced in the p-type region. Transit time could be reduced by 
decreasing the width of the space-charge layer; however, this would result in a 
loss in quantum efficiency and increased junction capacitance. We chose 
wq = 4 ym here because it is greater than 1/a and gives a : 10-GHz RC roll-off 
frequency for a 100-ym-diameter photodiode. Judging from the step response 
shown in figure 8, a 10-GHz bandwidth (which requires a 30-psec rise time) does 
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not appear possible in a 10.6-ym HgCdTe photodiode. The fundamental bandwidth 
limit will be about 5 GHz. However, since the shot noise spectra is also 
influenced by transit time (ref. 24) (both the signal and the shot noise will 
roll off between 5 and 10 GHz), reasonably good sensitivity (1 x 10“19 W/Hz) may 
be possible at 10 GHz in an optimized device. 


LONG -WAVELENGTH PHOTODIODES 

In figure 9 is shown the reverse-bias I-V characteristic calculated for 
100-ym-diameter, 0.035-eV n~-p photodiode at 40K with n" = 2 x lO 1 ^ cm"3. For 
the case of Auger-limited lifetimes (refs. 16 and 23) used here, the dominant 
diffusion component is from the p-type side and given by 

I D = A (”i 2 /P) e(D e /L e ) (7) 

where A is the photodiode area. As seen from figure 9, this current is small 
(~0.1 A/ cm2) a t 40 K. The tunnel current Iy shows a characteristic soft break- 
down. The magnitude of Iy is not a problem for V < 100 mV; however, for the 
impedance dV/dl to be greater than 50 Ohms, the bias must be below about 60 mV, 
where wq = 0.7 y m. Since 1/a >10 ym, essentially all of the photocarrier gen- 
eration takes place in the p-type region. In a thick photodiode, the frequency 
response limited by electron diffusion is approximately a2D e (ref. 24), which 
for T = 40K, y e = 50 000 cm2/v-sec and a = 1000 cm -1 , is about 250 MHz. A dif- 
fusion-limited bandwidth of 1 GHz could be obtained by thinning the p-type 
region to about 3 ym. With a reflecting contact to increase the absorption, a 
quantum efficiency of 40% should be possible. However, a very important 
question remains. The minority electron mobility y e is expected to be a func- 
tion of hole concentration. Can y e = 50 000 cm2/v-sec be obtained with p = 
1 x 10 I 6 cm _ 3 in 0.035-eV HgCdTe ? A concentration much less than this will be 
susceptible to strong ambi polar effects. If these parameters are consistent, 
then an NEP of about 5 x 10“20 w/Hz at 1 GHz should be possible at 30 ym. 


ELEVATED -TEMPERATURE PHOTODIODES 


There has been great interest in developing CO 2 laser photomixers operating 
at temperatures in the region of 200 K where thermoelectric coolers are 
convenient, reliable and reasonably efficient. At elevated temperatures, 
narrow-energy-gap photodiodes are subject to very high dark current in reverse 
bias due to diffusion, drift and/or tunneling. If the minority-carrier recom- 
bination times in a 0.1-eV photodiode are Auger-limited (refs. 16 and 23), then 
electron-diffusion current from the p-side of the junction is the dominant dif- 
fusion component and relatively independent of p. In the Auger limit, r e varies 
as l/p2 (see reference 23). In figure 10 is shown this diffusion current 
(calculated from equation 7) as a function of temperature for energy gaps of 
0.11 eV and 0.14 eV, corresponding to a = 1000 cm - l at 11 ym and 9 ym (ref. 25), 
respectively. Also shown are data taken on a photodiode with a cutoff wave- 
length of about 9 ym at 185K, which are in reasonable agreement with these 
calculations. Diffusion current can be reduced by thinning the p-type region 
in order to limit the diffusion volume (ref. 19). However, diffusion-current 
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values below these curves in figure 10 are yet to be reported. Also, this 
simple theory is not strictly valid at these very high current densities 
(~100 A/cm2) . if either n or p is close to the value of n-j, a large component 
of drift current also flows across the junction; whereas if n and p are both 
much greater than n-j, tunneling current becomes excessive at even very low 
biases. In both of these cases, the calculated maximum reverse-bias resistance 
of a 200K 0.12-eV HgCdTe photodiode is only a few ohms. The frequency response 
at high temperatures of an optimally designed shal low- junction n-p photodiode is 
determined by minority -electron diffusion, which is in the strong ambi polar 
regime. Here, as seen from equation 5, D a approaches 2 D e /b and the absorption- 
limited diffusion time increases into the range of 10 to 50 nsec. Faster 
response can be achieved by heavily doping the p-type region and reducing the 
lifetime of the minority electrons, but this is at the expense of quantum 
efficiency. 

At 173K,we have measured an NEP of 4 x 10 - 19 W/Hz at 9.3 pm for a 90-MHz 
photodiode, and an NEP of 8 x 10“ 19 W/Hz at 10.6 pm has been reported (ref. 26) 
also at 173K for a 23-MHz device. With further development, NEPs approaching 
1 x 10"19 W/Hz and bandwidths approaching 100 MHz should be realized in 180K 
photodiodes. This performance will be very sensitive to temperature, however. 


p-TYPE HgCdTe PH0T0C0NDUCT0RS 


As the performance of HgCdTe photodiodes degrades with increasing temper- 
atures, the p-type HgCdTe photoconductor becomes very attractive as a 
moderately-wide -bandwidth C02-laser photomixer. In this device, the bandwidth 
and photoresponse are determined by the lifetime t e and mobility p e of the mi- 
nority electrons. In addition, the resistance can be reasonably high at 200K 
due to the low mobility of holes. In order to obtain quantum-noise-limited per- 
formance in a p-type photoconductor (NEP = 2 hi'BA?), the L0 power must be such 
that (1) the density of photoelectrons greatly exceeds the background minority 
electron density (n-j 2/ p) and (2) the associated g-r noise greatly exceeds the 
Johnson or thermal noise 4kT/R of the detector and preamplifier (ref. 24). Both 
of these requirements are very sensitive to n-j,y e , and r e . The dashed curve in 
figure 11 shows the photoconductor bandwidth (2irr e ) - l determined from the calcu- 
lated Auger-limited lifetime (ref. 23) as a function of hole concentration at 
200K for 0.12-eV HgCdTe (n ± = l x 10^° cm~3). Using this theoretical lifetime 

and assuming y e = 10 000 cm^/V-sec, we have calculated (unpublished work of D. L, 
Spears, P. E. Duffy, and C. D. Hoyt) the L0 power required in order to achieve a 
photoelectron concentration equal to the background electron concentration and 
a g-r noise equal to the thermal noise. These values of P[_q are a strong func- 
tion of p as shown by the solid curves in figure 11. A minimum in the calcula- 
ted L0 power occurs for p = 3 x 10^ cm"3, with a corresponding bandwidth of 
12 MHz. Note, for a 100 MHz bandwidth, the calculated CO 2 L0 power is about 
10 mW. The over-100-mW requirement at 1 GHz is unreasonable, as excessive heat- 
ing (AT > 100K) would surely occur in these small-area (100 ym x 100 ym) devices 

P-type photoconductors we have fabricated have shown a 9 .3-ym NEP of about 
2 x 10"19 W/Hz at 38 MHz at 200K, with a bandwidth of over 50 MHz and a L0 power 
requirement of 7 mW. Other devices with bandwidths in excess of 


150 MHz have shown NEPs better than 4 x 10-19 W/Hz at 200K. With the optimum 
geometry, energy gap, and hole concentration, we expect that an NEP of 
about 1 x 10"15 W/Hz at 100 MHz could be achieved in a 200K photoconductor with 
a total power dissipation of 10 mW, which is compatible with a 1-watt TE cooler. 
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Figure 3.- Cross section of n + n p HgCdTe photodiode showing absorption 
profile at 10.6 ym and drift and diffusion parameters at 77 K. 



Figure 4.- Calculated optical absorption coefficient as function of 
wavelength for HgCdTe with energy gaps of 0.1 and 0.035 eV. 
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Figure 5.- Calculated junction depletion width at tunnel current density 
of 1 A/cm^ as function of carrier concentration for one-sided abrupt 
junctions in HgCdTe with energy gaps of 0.1 and 0.035 eV. 
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Figure 6.- Intrinsic carrier concentration as function of temperature for 
HgCdTe with energy gaps of 0.1 and 0.035 eV (ref. 22). 
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Calculated steady-state minority electron distribution in n-p 
HgCdTe photodiode for typical LO flux level . 



Figure 8.- Calculated step response of two reverse-biased n + n p HgCdTe 
photodiodes (assuming RC = 0) showing transit time delays. 





Figure 9.- Calculated reverse-bias I-V characteristic for 30-ym HgCdTe 

photodiode at 40 K. 



TEMPERATURE (K) 


Figure 10.- Calculated diffusion current as function of temperature for 
HgCdTe photodiodes with energy gaps of 0.11 and 0.14 eV, along with 
data for 9-ftin photodiode. 
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